Introduction
============

Polycythemia vera (PV), a Philadelphia chromosome (Ph)-negative chronic myeloproliferative neoplasm (MPN), is characterized by the overproduction of mature red blood cells. The discovery of the JAK2 V617F mutation, which is detectable in more than 95% of patients with PV, has clarified the molecular pathogenesis of this disorder ([@B1]-[@B5]). Although this mutation is also detectable in approximately half of patients with essential thrombocythemia and primary myelofibrosis, the assay of V617F mutation has made the diagnosis of PV more straightforward and accurate. The V617F mutation constitutively activates the JAK-STAT, Ras-MAPK, and PI3K-Akt signaling pathways, which results in an increased expression of a class of proteins contributing to mitosis, cell-cycle progression, and anti-apoptosis ([@B6]). It is therefore generally accepted that JAK2 V617F is a gain-of-function mutation leading to abnormal clonal proliferation of hematopoietic stem cells.

In the natural course of chronic MPNs, transformation to acute myeloid leukemia is observed in 2.3% at 10 years and 7.9% at 20 years and is associated with an extremely poor prognosis ([@B7]). Some researchers consider that therapeutic intervention with chlorambucil or hydroxyurea may affect its occurrence. Recent epidemiological studies have further revealed that the risk for developing a second malignancy, such as solid cancer and lymphoproliferative neoplasm, is increased in patients with MPN ([@B8]-[@B10]). However, the precise mechanism underlying the occurrence of second malignancy in MPN has not been well elucidated.

We herein report a patient in whom primary central nervous system lymphoma (pCNSL) developed after a 20-year history of PV with a fatal clinical course. A genetic analysis of the autopsied brain confirmed that the pCNSL observed in this patient originated from a malignant PV clone harboring a JAK2 V617F mutation.

Methods
-------

### Detection of the JAK2 V617F mutation

DNA was extracted from a paraffin-embedded formalin-fixed tissue block using the Maxwell^Ⓡ^ automated tissue DNA purification system (Promega, Madison, USA). Extracted tissue DNA or peripheral blood sample without DNA extraction was subjected to a JAK2 V617F mutation assay using the i-densy™ fully-automated genotyping system (ARKRAY, Kyoto, Japan) following the manufacturer\'s instructions. The forward and reverse polymerase chain reaction (PCR) primers (5\'-tgaagcagcaagtatgagcaagc-3\' and 5\'-gctctgagaaaggcattagaaagcctg-3\') and quenching probe \[5\'-agtatgtttctgtggagac-(TAMRA)-3\'\] were prepared by Nihon Gene Research Laboratories (Sendai, Japan) and Nippon Steel & Sumikin Eco-Tech (Tokyo, Japan), respectively.

Case Report
===========

A 78-year-old man was admitted to Ibaraki Prefectural Central Hospital because of disturbance of consciousness. He had been exhibiting headache, lightheadedness, nausea, and gradually progressive disturbance of consciousness for two weeks before admission. He had a 20-year history of PV with a JAK2 V617F mutation, which was treated with either phlebotomy or drug therapy with hydroxyurea. His medical history also included well-controlled hypertension and diabetes mellitus. His consciousness level on admission was II-30 according to the Japan Coma Scale.

A physical examination revealed an elevated body temperature (37.8^o^C) with no other abnormal ﬁndings. According to laboratory tests, he had a white blood cell count of 23,800/μL with 93.6% neutrophils, 1.7% monocytes, 4.2% lymphocytes, and 0.5% basophils; a hemoglobin level of 16.8 g/dL; a platelet count of 48.4×10^4^/μL; a lactate dehydrogenase (LDH) level of 707 U/L (normal range: 110-240); and a CRP level of 0.40 mg/dL (normal range: less than 0.16). Analyses of the cerebrospinal fluid (CSF) demonstrated mononuclear pleocytosis (28/μL), an elevated protein level (215 mg/dL), and normal glucose level (88 mg/dL). A cytological examination of the CSF revealed the infiltration of medium-size to large lymphoid cells with unevenly distributed nuclei that had the CD19+, CD56-, CD38-, and CD45- phenotype as confirmed by flow cytometry.

A hyper-intense lesion in the bilateral peri-lateral ventricular area was observed by both T2-weighted and fluid-attenuated inversion recovery magnetic resonance imaging (MRI) of the brain ([Fig. 1](#g001){ref-type="fig"}). A similar hyper-intense lesion with a diameter of 12 mm was also observed in the left cerebellar hemisphere. Neither of these lesions exhibited contrast enhancement. Computed tomography of the chest, abdomen, and pelvis demonstrated only mild splenomegaly.

![Brain MRI using FLAIR on admission.](1349-7235-57-3293-g001){#g001}

Under the tentative diagnosis of infectious encephalitis, he was treated with anti-bacterial and anti-viral drugs. However, neither culture of the CSF to detect bacterial and fungal pathogens nor PCR for herpes simplex virus or varicella-zoster virus were positive. As the immunoglobulin heavy chain gene was rearranged in cellular DNA obtained from the CSF, he was diagnosed with CNS lymphoma. An HIV test was negative. Due to his poor general condition, he was not treated actively and died on the 28th day of admission.

An autopsy was performed, which revealed the infiltration of monomorphic large-sized lymphocytes with moderately abundant cytoplasm in right peri-ventricular white matter and left cerebellar cortex ([Fig. 2](#g002){ref-type="fig"}). The Infiltrating cells were CD20(+), CD79a(+), CD3(-), CD5(-), CD10(-), κ(-), λ(+), Bcl-2(+), Bcl-6(-), and c-Myc(-) according to immunohistochemistry and Epstein-Barr virus (EBV)-encoded RNA (EBER)(+) according to fluorescence *in situ* hybridization (FISH), suggesting non-germinal center type B-cell lymphoma. As lymphoma cells were not detectable in any other organs or lymph nodes, the clinical diagnosis of pCNSL was confirmed.

![Pathomorphological findings of the autopsied brain. The autopsied brain sample was subjected to Hematoxylin and Eosin staining (upper panel) and immunohistochemistry (lower panel).](1349-7235-57-3293-g002){#g002}

To gain insight into the pathogenesis of the lymphoma, the JAK2 V617F mutation in lymphoma cells was analyzed using the i-densy™ fully-automated genotyping system by applying the quenching probe method. A sample for the negative control was obtained from the neighboring brain area with no obvious infiltration of lymphoma cells. Although we cannot completely deny the possibility of contamination with peripheral blood, the analysis by i-densy™ showed that it was highly likely that the lymphoma cells were positive for the JAK2 V617F mutation ([Fig. 3](#g003){ref-type="fig"}).

![A JAK2 V617F mutation analysis in the lymphoma-involved brain tissue. The results of the melting curve analysis are shown. WT: wild type](1349-7235-57-3293-g003){#g003}

Discussion
==========

We report a patient with pCNSL that manifested after a 20-year history of PV with the JAK2 V617F mutation. To gain insight into the pathogenesis of the lymphoma observed in this patient, we performed postmortem analyses of the lymphoma cells obtained from his brain. A PCR analysis revealed that the lymphoma cells possessed the JAK2 V617F mutation, suggesting that the lymphoma had originated from a lymphoid/lymphomyeloid progenitor, which was likely derived from a V617F-positive stem cell.

PV is a hematological malignancy arising from hematopoietic stem cells and was previously detected by analyzing the glucose-6-phosphate dehydrogenase isoenzymes and X-chromosome inactivation patterns ([@B11]). Whether or not lymphoid/lymphomyeloid progenitors, as well as myeloid progenitors, are involved in the oncogenic event responsible for the development of PV remains controversial. The discovery of the JAK2 V617F mutation as a pivotal oncogenic event in PV has enabled researchers to investigate this issue. Thus far, several lines of evidence have suggested that lymphoid/lymphomyeloid progenitors with the JAK2 V617F mutation are involved in a subgroup of patients with PV ([@B12]-[@B14]). We consider our present observation to further support this conclusion.

A previous study retrospectively analyzing 9,866 patients with Ph-negative MPN found that the association with a lymphoid neoplasm is an extremely rare event, occurring in 0.3% of patients with Ph-negative MPN ([@B15]). However, a recent epidemiological study reported that the cumulative risk for developing lymphoid neoplasms in patients with Ph-negative MPN is 0.93% at 5 years and 2.96% at 10 years ([@B16]). This indicates that the risk for lymphoid neoplasm in Ph-negative MPN is 3.44-fold higher than in the general population. An increased risk of lymphoid neoplasm in patients with MPN was also confirmed by another group analyzing a different cohort ([@B17]). Notably, in JAK2 V617F-mutated MPN, the risk was reported to be even higher, reaching 5.46-fold ([@B16]). The authors of that report precisely analyzed the lymphoma cells obtained from a patient with associated mediastinal diffuse large B-cell lymphoma and V617F-mutated PV and found that the lymphoma cells also possessed this mutation, which is consistent with our present observation.

As the JAK2 V617F mutation was not detectable in a series of 117 patients with *de novo* non-Hodgkin lymphoma ([@B18]), it is unlikely that this mutation *per se* contributes to malignant transformation leading to the development of lymphoma. Although the role of the JAK2 V617F mutation in the development of lymphoid neoplasm has not been well elucidated, this gain-of-function mutation may facilitate signal transduction contributing to the proliferation of lymphoid cells. However, as the existence of the JAK2 V617F mutation in lymphoma associated with V617F-mutated MPD seems to be relatively rare, there may be another as-yet-unclarified mechanism contributing to the development of lymphoma. From this standpoint, some researchers hypothesize that chronic inflammation provoked by MPN can be a trigger and driver of malignant clonal evolution ([@B19], [@B20]). Indeed, a recent study further demonstrated that the incidence of non-hematological solid malignancy, irrespective of the type of cancer, is increased in patients with MPN compared to those without MPN ([@B21]). As the lymphoma cells were positive for EBER according to the FISH assay in the present patient, we also cannot deny the possibility that EBV reactivation may have contributed to the development of pCNSL.

In conclusion, we herein report the existence of the JAK2 V617F mutation in pCNSL associated with PV. Our present observation suggests the involvement of lymphoid/lymphomyeloid progenitors with the JAK2 V617F mutation in patients with MPN harboring this same mutation.
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